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APPARATUS FOR DETECTING CONDITION OF 
ROAD SURFACE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to an apparatus mounted on 
a vehicle for detecting a condition of a road surface While the 
vehicle is traveling. 

[0003] 2. Description of the Related Art 

[0004] US. Pat. No. 5,719,565 corresponding to Japanese 
patent application publication number 9-20223 discloses an 
apparatus mounted on a vehicle for detecting a condition of 
a road surface While the vehicle is traveling. In the apparatus 
of US. Pat. No. 5,719,565, the speeds of Wheels of the 
vehicle are calculated based on Wheel speed signals from 
Wheel speed sensors. The accelerations of the Wheels are 
calculated based on the calculated Wheel speeds. High 
frequency components of the calculated Wheel accelerations 
are ?ltered using high-pass ?lters to obtain the frequency 
components of the Wheel accelerations Which are due only 
to the road-surface condition. A variance among a limited 
number of temporally-spaced samples of each ?ltering 
resultant Wheel acceleration is calculated, and a determina 
tion is made as to Whether or not the road-surface condition 
is bad by referring to the calculated variance. Speci?cally, 
When the calculated variance is equal to or greater than a 
reference value, it is determined that the road-surface con 
dition is bad. 

[0005] A typical Wheel speed sensor includes a rotor 
Which rotates together With a related vehicle Wheel. The 
rotor has teeth. The typical sensor also includes a ?Xed 
portion for sensing every projection or every groove in the 
rotor teeth and thereby generating a Wheel speed signal 
during the rotation of the rotor. In the case Where the typical 
sensor is used by the apparatus of US. Pat. No. 5,719,565, 
a variation in shape and position among the projections or 
the grooves in the rotor teeth affects the calculated variance. 
Thus, the variation in shape and position among the projec 
tions or the grooves in the rotor teeth loWers the accuracy of 
the determination as to Whether or not the road-surface 
condition is bad. 

[0006] Japanese patent application publication number 
6-80044 discloses an apparatus mounted on a vehicle for 
detecting a condition of a road surface While the vehicle is 
traveling. In the apparatus of Japanese application 6-80044, 
vehicle Wheel speed data are derived from the output signal 
of a vehicle Wheel speed sensor. A differential value of the 
vehicle Wheel speed data is calculated for every unit time. 
Factors of a sequence of samples of data representing the 
calculated differential values are calculated as feature quan 
tities related to the vehicle Wheel speed. Speci?cally, With 
respect to the sample sequence, a mean amplitude, a relative 
amplitude variation, a histogram variance, and the number 
of data pieces in an amplitude value speci?ed interval are 
calculated for every unit time. A fuZZy inference is imple 
mented While the calculated feature quantities are used as 
input parameters. A determination is made as to Whether the 
road-surface condition is good or bad on the basis of the 
result of the fuZZy inference. 

[0007] US. Pat. No. 5,760,682 corresponding to Japanese 
patent application publication number 10-258618 discloses 
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a method for detecting a de?ated tire on a vehicle. In the 
method of US. Pat. No. 5,760,682, Wheel speed values for 
each of four Wheels are collected and analyZed for a statis 
tical variation Which Would indicate loW tire pressure. Prior 
to analysis, and folloWing reset of the system, calibration 
factors are determined for each of the Wheels to compensate 
rolling radius variations, and subsequently used to correct all 
Wheel speed values. The corrected speed values are then 
?ltered to eXclude values Which represent Wheel slippage, 
rough road ?uctuations, vehicle cornering, and uphill or 
doWnhill travel. When a suf?cient number of values have 
been collected, an F-value is calculated substantially accord 
ing to the statistical method “analysis of the variance”, and 
the F-value is compared to an empirically determined value 
corresponding to a predetermined pressure loss. This com 
parison can provide the basis for a driver Warning. Since a 
larger F-value indicates a larger statistical difference in 
Wheel speeds, the value can be rechecked after a further 
interval for additional pressure loss. 

[0008] US. Pat. No. 4,651,290 corresponding to Japanese 
patent application publication number 6-318297 discloses 
an apparatus mounted on a vehicle for detecting a condition 
of a road surface While the vehicle is traveling. In the 
apparatus of US. Pat. No. 4,651,290, the speed of a Wheel 
of the vehicle is calculated based on the output signal of a 
Wheel speed sensor. The acceleration of the Wheel is calcu 
lated based on the calculated Wheel speed. The performance 
criterion of the road-surface condition is computed based on 
the calculated Wheel acceleration. The computed perfor 
mance criterion is compared With a setting value to deter 
mine Wether the road-surface condition is good or bad. A 
?rst example of the performance criterion depends on a. 
variance among a predetermined number of temporally 
spaced samples of the Wheel acceleration. Asecond eXample 
of the performance criterion depends on the number of 
samples of the Wheel acceleration Which eXceed a reference 
value for every predetermined time interval. Athird eXample 
of the performance criterion depends on the difference 
betWeen the maXimum and the minimum among the values 
indicated by temporally-spaced samples of the Wheel accel 
eration for every predetermined time interval. 

[0009] Japanese patent application publication number 
5-126571 discloses an apparatus mounted on a vehicle for 
measuring the shape of a road surface. The apparatus of 
Japanese application 5-126571 includes a distance detector 
for detecting the distance betWeen the road surface and a 
main body of the vehicle. The apparatus also includes an 
acceleration detector for detecting the vertical acceleration 
of the main body of the vehicle. The detected vertical 
acceleration is integrated on a second-order basis to calcu 
late the amount of vertical vibration of the main body of the 
vehicle for every time interval corresponding to a predeter 
mined distance traveled by the vehicle. The detected dis 
tance betWeen the road surface and the main body of the 
vehicle is corrected in response to the calculated amount of 
vertical vibration. The shape of the road surface is detected 
on the basis of the correction5 resultant distance. 

SUMMARY OF THE INVENTION 

[0010] It is an object of this invention to provide an 
apparatus for accurately detecting a condition of a road 
surface even in the case Where there is a variation in shape 
and position among the projections or the grooves in teeth of 
a rotor of a Wheel speed sensor. 
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[0011] A ?rst aspect of this invention provides an appa 
ratus for detecting a condition of a road surface. The 
apparatus comprises vehicle Wheel speed detecting means 
for outputting a vehicle Wheel speed signal representing a 
speed of a Wheel of a vehicle; vehicle Wheel speed sum 
mating means for summating variations in the vehicle Wheel 
speed represented by the vehicle Wheel speed signal during 
every time period corresponding to one revolution of the 
vehicle Wheel, and for generating a summation value rep 
resenting a result of said summating; and road-surface 
condition detecting means for detecting a road-surface con 
dition on the basis of a difference betWeen a current sum 
mation value and a previous summation value generated by 
the vehicle Wheel speed summating means. 

[0012] A second aspect of this invention is based on the 
?rst aspect thereof, and provides an apparatus further com 
prising vehicle Wheel acceleration calculating means for 
calculating an acceleration of the vehicle Wheel from the 
vehicle Wheel speed signal outputted from the vehicle Wheel 
speed detecting means; and means provided in the vehicle 
Wheel speed summating means for summating variations in 
the vehicle Wheel acceleration calculated by the vehicle 
Wheel acceleration calculating means, and for using a result 
of summating the variations in the vehicle Wheel accelera 
tion as a result of summating the variations in the vehicle 
Wheel speed. 

[0013] A third aspect of this invention is based on the ?rst 
aspect thereof, and provides an apparatus further comprising 
vehicle Wheel acceleration calculating means for calculating 
an acceleration of the vehicle Wheel from the vehicle Wheel 
speed signal outputted from the vehicle Wheel speed detect 
ing means; variance calculating means for calculating a 
variance of the vehicle Wheel acceleration calculated by the 
vehicle Wheel acceleration calculating means; and means 
provided in the vehicle Wheel speed summating means for 
using the variance calculated by the variance calculating 
means as a result of summating the variations in the vehicle 
Wheel speed. 

[0014] A fourth aspect of this invention is based on the 
?rst aspect thereof, and provides an apparatus further com 
prising acceleration differential value calculating means for 
calculating a differential value of an acceleration of the 
vehicle Wheel from the vehicle Wheel speed signal outputted 
from the vehicle Wheel speed detecting means; and means 
provided in the vehicle Wheel speed summating means for 
summating variations in the differential value calculated by 
the acceleration differential value calculating means, and for 
using a result of summating the variations in the differential 
value as a result of summating the variations in the vehicle 
Wheel speed. 

[0015] A ?fth aspect of this invention provides an appa 
ratus for detecting a condition of a road surface. The 
apparatus comprises vehicle Wheel speed detecting means 
for outputting a vehicle Wheel speed signal representing a 
speed of a Wheel of a vehicle; learning means for learning a 
variation in the vehicle Wheel speed represented by the 
vehicle Wheel speed signal outputted from the vehicle Wheel 
speed detecting means, and for generating a learning-result 
ant value representing a result of said learning; and road 
surface condition detecting means for detecting a road 
surface condition on the basis of a difference betWeen the 
learning-resultant value and a variation in the vehicle Wheel 
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speed represented by the vehicle Wheel speed signal output 
ted from the vehicle Wheel speed detecting means. 

[0016] A siXth aspect of this invention is based on the ?fth 
aspect thereof, and provides an apparatus Wherein the learn 
ing means comprises means for extracting components from 
the variation in the vehicle Wheel speed Which are caused by 
a variation in rotor manufacture accuracy, and means for 
learning the eXtracted components of the variation in the 
vehicle Wheel speed Which are caused by a variation in rotor 
manufacture accuracy. 

[0017] A seventh aspect of this invention is based on the 
?fth aspect thereof, and provides an apparatus Wherein the 
learning means comprises means for learning an average of 
a value of summation of variations in the vehicle Wheel 
speed. 
[0018] An eighth aspect of this invention is based on the 
?fth aspect thereof, and provides an apparatus further com 
prising vehicle Wheel acceleration calculating means for 
calculating an acceleration of the vehicle Wheel from the 
vehicle Wheel speed signal outputted from the vehicle Wheel 
speed detecting means; means provided in the learning 
means for learning a variation in the vehicle Wheel accel 
eration calculated by the vehicle Wheel acceleration calcu 
lating means, and for using a result of learning the variation 
in the vehicle Wheel acceleration as the learning-resultant 
value representing the result of learning the variation in the 
vehicle Wheel speed; and means provided in the road-surface 
condition detecting means for detecting the road-surface 
condition on the basis of a difference betWeen the learning 
resultant value and a variation in the vehicle Wheel accel 
eration calculated by the vehicle Wheel acceleration calcu 
lating means. 

[0019] Aninth aspect of this invention is based on the ?fth 
aspect thereof, and provides an apparatus further comprising 
vehicle Wheel acceleration calculating means for calculating 
an acceleration of the vehicle Wheel from the vehicle Wheel 
speed signal outputted from the vehicle Wheel speed detect 
ing means; variance calculating means for calculating a 
variance of the vehicle Wheel acceleration calculated by the 
vehicle Wheel acceleration calculating means; means pro 
vided in the learning means for learning a variation in the 
variance calculated by the variance calculating means, and 
for using a result of learning the variation in the variance as 
the learning-resultant value representing the result of learn 
ing the variation in the vehicle Wheel speed; and means 
provided in the road-surface condition detecting means for 
detecting the road-surface condition on the basis of a dif 
ference betWeen the learning-resultant value and a variation 
in the variance calculated by the variance calculating means. 

[0020] A tenth aspect of this invention is based on the ?fth 
aspect thereof, and provides an apparatus further comprising 
acceleration differential value calculating means for calcu 
lating a differential value of an acceleration of the vehicle 
Wheel from the vehicle Wheel speed signal outputted from 
the vehicle Wheel speed detecting means; means provided in 
the learning means for learning a variation in the differential 
value calculated by the acceleration differential value cal 
culating means, and for using a result of learning the 
variation in the differential value as the learning-resultant 
value representing the result of learning the variation in the 
vehicle Wheel speed; and means provided in the road-surface 
condition detecting means for detecting the road-surface 
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condition on the basis of a difference between the learning 
resultant value and a variation in the differential value 
calculated by the acceleration differential value calculating 
means. 

[0021] An eleventh aspect of this invention is based on the 
?rst aspect thereof, and provides an apparatus Wherein the 
vehicle Wheel speed detecting means comprises a vehicle 
Wheel speed sensor. 

[0022] A tWelfth aspect of this invention provides an 
on-vehicle apparatus for detecting a condition of a road 
surface. The on-vehicle apparatus comprises ?rst means for 
detecting a rotational speed of a vehicle Wheel; second 
means for calculating an acceleration of the vehicle Wheel 
from the vehicle-Wheel speed detected by the ?rst means; 
third means for periodically sampling the vehicle-Wheel 
acceleration calculated by the second means to generate 
samples of the vehicle-Wheel acceleration; fourth means for 
calculating a ?rst variance among samples of the vehicle 
Wheel acceleration Which are generated by the third means 
for a ?rst time interval corresponding to current one revo 
lution of the vehicle Wheel, and calculating a second vari 
ance among samples of the vehicle-Wheel acceleration 
Which are generated by the third means for a second time 
interval corresponding to previous one revolution of the 
vehicle Wheel; ?fth means for calculating a difference 
betWeen the ?rst and second variances calculated by the 
fourth means; and siXth means for detecting a road-surface 
condition in response to the difference calculated by the ?fth 
means. 

[0023] A thirteenth aspect of this invention is based on the 
tWelfth aspect thereof, and provides an on-vehicle apparatus 
Wherein the siXth means comprises 1) seventh means for 
determining Whether or not the difference calculated by the 
?fth means is smaller than a predetermined reference value, 
2) eighth means for determining that the road-surface con 
dition is good When the seventh means determines that the 
difference is smaller than the predetermined reference value, 
and 3) ninth means for determining that the road-surface 
condition is bad When the seventh means determines that the 
difference is not smaller than the predetermined reference 
value. 

[0024] A fourteenth aspect of this invention provides an 
on-vehicle apparatus for detecting a condition of a road 
surface. The on-vehicle apparatus comprises ?rst means for 
detecting a rotational speed of a vehicle Wheel; second 
means for calculating an acceleration of the vehicle Wheel 
from the vehicle-Wheel speed detected by the ?rst means; 
third means for periodically sampling the vehicle-Wheel 
acceleration calculated by the second means to generate 
samples of the vehicle-Wheel acceleration; fourth means for 
calculating a variance among samples of the vehicle-Wheel 
acceleration Which are generated by the third means for 
every time interval; ?fth means for periodically calculating 
a ?rst difference betWeen tWo successive variances calcu 
lated by the fourth means; siXth means for periodically 
determining Whether or not the ?rst difference calculated by 
the ?fth means is smaller than a predetermined reference 
value; seventh means for, only When the siXth means deter 
mines that the ?rst difference is smaller than the predeter 
mined reference value, de?ning a variance calculated by the 
fourth means and relating to the ?rst difference as an 
effective reference; eighth means for generating a learning 
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resultant value in response to effective references generated 
by the seventh means; ninth means for calculating a second 
difference betWeen a current variance calculated by the 
fourth means and the learning-resultant value generated by 
the eighth means; and tenth means for detecting a road 
surface condition in response to the second difference cal 
culated by the ninth means. 

[0025] A ?fteenth aspect of this invention is based on the 
fourteenth aspect thereof, and provides an on-vehicle appa 
ratus Wherein the tenth means comprises 1) eleventh means 
for determining Whether or not the second difference calcu 
lated by the ninth means is smaller than a predetermined 
criterional value, 2) tWelfth means for determining that the 
road-surface condition is good When the eleventh means 
determines that the second difference is smaller than the 
predetermined criterional value, and 3) thirteenth means for 
determining that the road-surface condition is bad When the 
eleventh means determines that the second difference is not 
smaller than the predetermined criterional value. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1 is a diagram of an anti-skid control system 
for a vehicle Which includes a road-surface condition detect 
ing apparatus according to a ?rst embodiment of this inven 
tion. 

[0027] FIG. 2 is an operation ?oW diagram of an elec 
tronic control unit in FIG. 1. 

[0028] FIG. 3 is a ?oWchart of a segment of a program for 
the electronic control unit in FIG. 1. 

[0029] FIG. 4 is a time-domain diagram of an eXample of 
a before-?ltering vehicle Wheel acceleration DVW. 

[0030] FIG. 5 is a time-domain diagram of an eXample of 
an after-?ltering vehicle Wheel acceleration DVWF. 

[0031] FIG. 6 is a ?oWchart of a variance calculation 
block in FIG. 3. 

[0032] FIG. 7 is a time-domain diagram of an eXample of 
an after-?ltering vehicle Wheel acceleration, and samples 
thereof. 

[0033] FIG. 8 is a ?oWchart of a bad-road determination 
block in FIG. 3. 

[0034] FIG. 9 is a time-domain diagram of an eXample of 
variance components caused by a rotor-teeth variation, and 
an eXample of variance components related to the roughness 
of a road surface. 

[0035] FIG. 10 is a ?oWchart of a segment of a program 
for an electronic control unit in a third embodiment of this 
invention. 

[0036] FIG. 11 is a ?oWchart of a variance calculation 
block in FIG. 10. 

[0037] FIG. 12 is a ?oWchart of a learning-value calcu 
lation block in FIG. 10. 

[0038] FIG. 13 is a ?oWchart of a bad-road determination 
block in FIG. 10. 

[0039] FIG. 14 is a diagram of time intervals for variance 
calculating summation Which correspond to angular ranges 
With respect to a rotor of a vehicle Wheel speed sensor in a 
?fth embodiment of this invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

First Embodiment 

[0040] FIG. 1 shows an anti-skid control system for a 
vehicle Which includes a road-surface condition detecting 
apparatus according to a ?rst embodiment of this invention. 
The vehicle is of a front-engine rear-drive type. 

[0041] With reference to FIG. 1, the vehicle has a front 
right (FR) Wheel 1, a front-left (FL) Wheel 2, a rear-right 
(RR) Wheel 3, and a rear-left (RL) Wheel 4. Vehicle Wheel 
speed sensors 5, 6, 7, and 8 are associated With the vehicle 
Wheels 1, 2, 3, and 4, respectively. The vehicle Wheel speed 
sensors 5-8 are of a knoWn type, for example, an electro 
magnetic type or a magnetoresistive type. The vehicle Wheel 
speed sensors 5, 6, 7, and 8 include rotors Which rotate 
together With the vehicle Wheels 1, 2, 3, and 4, respectively. 
Each of the rotors has teeth. The vehicle Wheel speed sensors 
5, 6, 57, and 8 output pulse signals having frequencies 
depending on the rotational speeds of the vehicle Wheels 1, 
2, 3, and 4, respectively. 

[0042] Hydraulic brake units (Wheel cylinders) 11, 12, 13, 
and 14 are associated With the vehicle Wheels 1, 2, 3, and 4, 
respectively. The Wheel cylinders 11, 12, 13, and 14 act to 
apply braking forces to the vehicle Wheels 1, 2, 3, and 4, 
respectively. A master cylinder 16 is connected With the 
Wheel cylinders 11, 12, 13, and 14 via electrically-driven 
valve units 21, 22, 23, and 24 and hydraulic lines (no 
reference numerals). A hydraulic pressure (a ?uid pressure) 
generated by the master cylinder 16 can be transmitted to the 
Wheel cylinders 11, 12, 13, and 14 via the valve units 21, 22, 
23, and 24. The hydraulic pressures exerted on the Wheel 
cylinders 11, 12, 13, and 14 can be adjusted by the valve 
units 21, 22, 23, and 24, respectively. 

[0043] A brake pedal 25 is connected With the master 
cylinder 16. A stop sWitch 26 is associated With the brake 
pedal 25. Depression of the brake pedal 25 is detected by the 
stop sWitch 26. Speci?cally, the stop sWitch 26 changes 
betWeen an ON position and an OFF position in response to 
Whether or not the brake pedal 25 is depressed. The stop 
sWitch 26 outputs an ON signal When the brake pedal 25 is 
depressed to brake the vehicle. OtherWise, the stop sWitch 
213 outputs an OFF signal. 

[0044] A reservoir 28a is provided as a temporary storage 
for brake ?uid (hydraulic ?uid) discharged from the Wheel 
cylinders 11 and 12 When the related Wheel-cylinder hydrau 
lic pressures are reduced during the execution of anti-skid 
control. Similarly, a reservoir 281) is provided as a tempo 
rary storage for brake ?uid (hydraulic ?uid) discharged from 
the Wheel cylinders 13 and 14 When the related Wheel 
cylinder hydraulic pressures are reduced during the execu 
tion of anti-skid control. Hydraulic pumps 27a and 27b are 
driven by a motor (not shoWn). The hydraulic pump 27a acts 
to return brake ?uid from the reservoir 28a toWard the 
master cylinder 16. Similarly, the hydraulic pump 27b acts 
to return brake ?uid from the reservoir 28b toWard the 
master cylinder 16. 

[0045] The valve units 21-24 are electrically connected to 
an electronic control unit (ECU) 40. The valve units 21-24 
can be controlled by the electronic control unit 40. During 
the execution of anti-skid control, the valve units 21-24 
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adjust the hydraulic pressures in the Wheel cylinders 11-14, 
thereby controlling the braking forces on the vehicle Wheels 
1-4 respectively. The valve units 21-24 are similar in opera 
tion. Therefore, only operation of the valve unit 21 Will be 
explained beloW in more detail. The valve unit 21 can 
control the connection among the Wheel cylinder 11, the 
master cylinder 16, and the reservoir 28a. The valve unit 21 
can change among three different positions, that is, a pres 
sure increasing mode position “A”, a pressure maintaining 
mode position “B”, and a pressure decreasing mode position 
“C”. When the valve unit 21 assumes the pressure increasing 
mode position “A”, the Wheel cylinder 11 is connected to the 
master cylinder 16 and is disconnected from the reservoir 
28a so that pressuriZed ?uid is driven from the master 
cylinder 16 toWard the Wheel cylinder 11. Thus, in this case, 
the hydraulic pressure in the Wheel cylinder 11 increases. 
When the valve unit 21 assumes the pressure maintaining 
mode position “B”, the Wheel cylinder 11 is disconnected 
from both the master cylinder 16 and the reservoir 28a so 
that the hydraulic pressure in the Wheel cylinder 11 is 
substantially maintained as it is. When the valve unit 21 
assumes the pressure decreasing mode position “C”, the 
Wheel cylinder 11 is connected to the reservoir 28a and is 
disconnected from the master cylinder 16 so that brake ?uid 
escapes from the Wheel cylinder 11 toWard the reservoir 28a. 

[0046] Thus, in this case, the hydraulic pressure in the 
Wheel cylinder 11 decreases. The valve unit 21 assumes the 
pressure increasing mode position “A” When being deacti 
vated. The valve unit 21 assumes either the pressure main 
taining mode position “B” or the pressure decreasing mode 
position “C” When being activated. In this case, the position 
of the valve unit 21 depends on the level of the activation 
current fed thereto. 

[0047] The electronic control unit 40 includes a micro 
computer having a combination of a CPU, a ROM, a RAM, 
and an I/O interface. The I/O interface is electrically con 
nected to the vehicle Wheel speed sensors 5-8. The I/O 
interface receives the output signals from the vehicle Wheel 
speed sensors 5-8. The I/O interface is electrically connected 
to the stop sWitch 26. The I/O interface receives the output 
signal from the stop sWitch 26. The I/O interface is electri 
cally connected to the valve units 21-24. The I/O interface 
outputs drive control signals to the valve units 21-24. The 
electronic control unit 40 operates in accordance With a 
program stored in the ROM. The electronic control unit 40 
is electrically connected to an ignition sWitch 41. When the 
ignition sWitch 41 is changed to its ON position, the elec 
tronic control unit 40 starts to be fed With electric poWer 
from a poWer supply (not shoWn). Thus, the electronic 
control unit 40 starts programmed signal processing for 
braking—force control (anti-skid control). The electronic 
control unit 40 generates the drive control signals for the 
valve units 21-24 in response to the output signals from the 
vehicle Wheel speed sensors 5-8 and the stop sWitch 26 
according to a program for the braking-force control. The 
electronic control unit 40 feeds the generated drive signals 
to the valve units 21-24, thereby implementing the braking 
force control (the anti-skid control). 

[0048] FIG. 2 shoWs the ?oW of anti-skid control opera 
tion of the electronic control unit 40 rather than the hardWare 
structure thereof. With reference to FIG. 2, a vehicle Wheel 
speed calculation block A1 receives the output signals from 
the vehicle Wheel speed sensors 5-8. The vehicle Wheel 
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speed calculation block A1 computes the rotational speeds 
of the vehicle Wheels 1-4 in response to the output signals 
from the vehicle Wheel speed sensors 5-8 respectively. The 
vehicle Wheel speed calculation block A1 informs a vehicle 
body speed calculation block A2, a vehicle Wheel accelera 
tion calculation block A3, and a control block A4 of the 
computed vehicle Wheel speeds. The vehicle body speed 
calculation block A2 computes the speed of the body of the 
vehicle from the vehicle Wheel speeds. The vehicle body 
speed calculation blockA2 informs the control block A4 and 
a vehicle body deceleration estimation block A5 of the 
computed vehicle body speed. The vehicle body decelera 
tion estimation block A5 estimates the deceleration of the 
body of the vehicle in response to the vehicle body speed. 
The vehicle body deceleration estimation block A5 informs 
the control block A4 of the estimated vehicle body decel 
eration. 

[0049] The vehicle Wheel acceleration calculation block 
A3 computes the accelerations of the vehicle Wheels 1-4 
from the vehicle Wheel speeds. The vehicle Wheel accelera 
tion calculation blockA3 informs the control block A4 of the 
computed vehicle Wheel accelerations. A road-surface rec 
ognition block A6 includes a ?lter block A6a, a variance 
calculation block A6b, and a bad-road determination block 
A6c. The vehicle Wheel acceleration calculation block A3 
informs the ?lter block A6a of the computed vehicle Wheel 
accelerations. The ?lter block A6a subjects the vehicle 
Wheel accelerations to ?ltering processes, thereby generat 
ing ?ltering-resultant vehicle Wheel accelerations. The ?lter 
block A6a informs the variance calculation block A6b of the 
?ltering-resultant vehicle Wheel accelerations. The variance 
calculation block A6b computes variances With respect to 
the ?ltering-resultant vehicle Wheel accelerations. The vari 
ance calculation block A6b informs the bad-road determi 
nation block A6c of the computed variances. The bad-road 
determination block A6c determines Whether or not the road 
surface along Which the vehicle is traveling is bad (rough) on 
the basis of the variances. The bad-road determination block 
A6c informs the control block A4 of the bad-road determi 
nation result. 

[0050] The control block A4 generates drive control sig 
nals for the valve units 21-24 on the basis of the vehicle 
Wheel speeds, the estimated vehicle body deceleration, the 
vehicle body speed, the vehicle Wheel accelerations, and the 
bad-road determination result. The generated drive control 
signals are designed to implement the anti-skid control. The 
drive control signals are transmitted from the control block 
A4 to the valve units 21-24. Therefore, the braking forces 
applied to the vehicle Wheels 1-4 are adjusted, and the 
anti-skid control is implemented. 

[0051] As previously mentioned, the electronic control 
unit 40 operates in accordance With a program stored in its 
internal ROM. FIG. 3 is a ?oWchart of a segment of the 
program Which relates to the anti-skid control. The program 
segment is started When the ignition sWitch 41 (see FIG. 1) 
is changed to its ON position. 

[0052] As shoWn in FIG. 3, a ?rst step 110 of the program 
segment initialiZes variables including ?ags and counter 
values. After the step 110, the program advances to a step 
120. As Will be made clear later, a sequence of the step 120 
and subsequent step and blocks is periodically iterated. 
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[0053] The step 120 computes the rotational speeds of the 
vehicle Wheels 1-4 (see FIG. 1) on the basis of the output 
signals from the vehicle Wheel speed sensors 5-8 (see FIG. 
1) respectively. 
[0054] A step 130 folloWing the step 120 computes the 
accelerations of the vehicle Wheels 1-4 from the vehicle 
Wheel speeds given by the step 120. 

[0055] Ablock 140 subsequent to the step 130 subjects the 
vehicle Wheel accelerations (the before-?ltering vehicle 
Wheel accelerations,) given by the step 130 to high-pass 
?ltering processes to extract high-frequency components. 
Thus, the block 140 provides the ?ltering-resultant vehicle 
Wheel accelerations (the after-?ltering vehicle Wheel accel 
erations). 
[0056] A block 150 folloWing the block 140 computes 
variances of the ?ltering-resultant vehicle Wheel accelera 
tions given by the block 140. 

[0057] A block 160 subsequent to the block 150 deter 
mines Whether or not the road surface along Which the 
vehicle is traveling is bad (rough) on the basis of the 
variances given by the block 150. 

[0058] Ablock 170 folloWing the block 160 sets reference 
slip ratios for the vehicle Wheels 1-4 in response to the result 
of the bad-road determination by the block 160. The block 
170 calculates the current slip ratios of the vehicle Wheels 
1-4 in a knoWn Way. For each of the vehicle Wheels 1-4, the 
block 170 compares the current slip ratio With the corre 
sponding reference slip ratio. When the current slip ratio 
exceeds the reference slip ratio, the block 170 implements 
processing for ABS (antilock brake system) control in a 
knoWn Way. Thus, the block 170 executes processing for the 
anti-skid control. After the block 170, the program returns to 
the step 120. 

[0059] The ?ltering block 140 Will be described beloW in 
more detail. 

[0060] For each of the vehicle Wheels 1-4, the block 140 
implements the ?ltering process and calculates the current 
?ltering-resultant vehicle Wheel acceleration DVWFD(n) 
according to the folloWing equation. 

DVWFD(n)=AO-DVW(n)+A1-DVW(n—1)+A2-DVW(n— 
2)+BO-DVWF(n-1)+B1-DVWF(n-2) (1) 

[0061] Where DVW(n), DVW(n-l), and DVW(n-2) 
denote the current value, the immediately previous value, 
and the second immediately previous value of the before 
?ltering vehicle Wheel acceleration (the vehicle Wheel accel 
eration given by the step 130) respectively; DVWF(n-1) and 
DVWF(n-2) denote the immediately previous value and the 
second immediately value of the after-?ltering vehicle Wheel 
acceleration respectively; and A0, A1, A2, B0, and B1 
denote ?lter coefficients. Here, “current value” means the 
value provided in the current execution cycle of the 
sequence of the steps and blocks 120-170. In addition, 
“immediately previous value” means the value provided in 
the execution cycle of the sequence of the steps and blocks 
120-170 Which immediately precedes the current execution 
cycle. Furthermore, “second immediately previous value” 
means the value provided in the execution cycle of the 
sequence of the steps and blocks 120-170 Which second 
immediately precedes the current execution cycle. The ?lter 
coef?cients A0, A1, A2, B0, and B1 are preset so that the 
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?ltering process by the block 140 Will be of a high-pass type 
for extracting only components in a prescribed high-fre 
quency band. Speci?cally, the ?ltering process is tuned to 
separate frequency components related to bad road surfaces 
such as off-road surfaces from frequency components 
related to vehicle body deceleration and anti-skid control. 
For example, the ?lter coef?cients A0, A1, A2, B0, and B1 
are prechosen to extract components in a frequency band 
extending above a speci?c value in the range of 20 to 30 HZ. 
The block 140 sets the calculated current ?ltering-resultant 
vehicle Wheel acceleration DVWFD(n) as the current after 
?ltering vehicle Wheel acceleration DVWF. 

[0062] As shoWn in FIG. 4, the before-?ltering vehicle 
Wheel acceleration DVW pulsates at a loW frequency due to 
vehicle body deceleration and anti-skid control. The ?ltering 
process by the block 140 removes the loW-frequency pul 
sation from the before-?ltering vehicle Wheel acceleration 
DVW, and thereby converts the before-?ltering vehicle 
Wheel acceleration DVW into the afterl ?ltering vehicle 
Wheel acceleration DVWF Which has a Waveform as shoWn 
in FIG. 5. The after-?ltering vehicle Wheel acceleration 
DVWF has only high-frequency components related to 
road-surface conditions, that is, related to bad road surfaces 
such as off-road surfaces. 

[0063] The variance calculation block 150 in FIG. 3 Will 
be described beloW in more detail. For each of the vehicle 
Wheels 1-4, the block 150 calculates a variance DVWB 
among a limited number “n” of samples of the after-?ltering 
vehicle Wheel acceleration DVWF according to the folloW 
ing equation. 

DVWF(n)2}/2 (2) 
[0064] Where DVWF(l), . . , DVWF(n-l), and 
DVWF(n) denote the oldest, . . . , the immediately previous 
sample, and the current sample among the limited number of 
samples of the after-?ltering vehicle Wheel acceleration 
DVWF, respectively. 
[0065] As shoWn in FIG. 6, the block 150 has steps 210, 
220, 230, 240, and 250. The step 210 folloWs the block 140 
(see FIG. 3). The step 210 determines Whether or not a 
predetermined time period (for example, 5 ms) has elapsed 
since the last execution of the step 220. In the case Where the 
predetermined time period has elapsed, the program 
advances from the step 210 to the step 220. OtherWise, the 
program advances from the step 210 to the block 160 (see 
FIG. 3). 
[0066] The step 220 uses the current value of the after 
?ltering vehicle Wheel acceleration DVWF given by the 
block 140 (see FIG. 3) as a current sample thereof. The step 
220 calculates the square of the current sample (the current 
value) of the after-?ltering vehicle Wheel acceleration 
DVWF. The step 220 adds the calculated square to a 
partial-variance summation value DVSUM. 

[0067] The step 230 folloWs the step 220. The step 230 
determines Whether or not the partial-variance summation 
value DVSUM has corresponded to one revolution (360° 
rotation) of the rotor of the related vehicle Wheel speed 
sensor. In the case Where the partial-variance summation 
value DVSUM has corresponded to one revolution of the 
rotor, the program advances from the step 230 to the step 
240. OtherWise, the program advances from the step 230 to 
the block 160 (see FIG. 3). 
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[0068] The step 240 calculates the variance DVWB Which 
is equal to the partial-variance summation value DVSUM 
divided by the sample number “n”. The step 240 updates the 
variance. The step 240 stores information of the old variance 
into the RAM for later use. 

[0069] The step 250 folloWs the step 240. The step 250 
clears the partial-variance summation value DVSUM to “0”. 
After the step 250, the program advances to the block 160 
(see FIG. 3). 
[0070] With reference to FIG. 7, the value of each of 
samples DVWF(l), DVWF(Z), . . . , DVWF(n-l), and 
DVWF(n) of the after-?ltering vehicle Wheel acceleration 
relative to a Zero-acceleration “0 G” is squared to calculate 
a partial variance. The partial variances are summated 
(summed up). The summation result is divided by the 
sample number “n” so that the variance DVWB is provided. 

[0071] The bad-road determination block 160 in FIG. 3 
Will be described beloW in more detail. The block 160 has 
sections for the vehicle Wheels 1-4 respectively. The sections 
are similar. Therefore, only one of the sections Will be 
explained. As shoWn in FIG. 8, the block 160 has steps 310, 
320, 330, and 340. The step 310 is subsequent to the block 
150 (see FIG. 3). The step 310 determines Whether or not the 
present moment immediately folloWs the moment of the 
execution of the step 240 (see FIG. 6), that is, the moment 
of the updating of the variance DVWB. In the case Where the 
present moment immediately folloWs the moment of the 
updating of the variance DVWB, the program advances 
from the step 310 to the step 320. OtherWise, the program 
advances from the step 310 to the block 170 (see FIG. 3). 

[0072] The step 320 gets the current variance DVWB(n) 
given by the block 150 (see FIG. 3), and also retrieves the 
immediately-preceding variance DVWB(n-l) given by the 
block 150. The step 320 calculates the difference betWeen 
the variances DVWB(n) and DVWB(n-l). The step 320 
computes the absolute value of the calculated difference. 
The step 320 compares the computed absolute value With a 
predetermined reference value L corresponding to a pre 
scribed bad-road criterional level. When the absolute value 
is equal to or greater than the reference value L, the program 
advances from the step 320 to the step 330. OtherWise, the 
program advances from the step 320 to the step 340. 

[0073] The step 330 determines that the road surface along 
Which the vehicle is traveling is bad (rough). Speci?cally, 
the step 330 sets a ?ag AK to a state of “1” Which represents 
that the road surface is bad. After the step 330, the program 
advances to the block 170 (see FIG. 3). 

[0074] The step 340 determines that the road surface along 
Which the vehicle is traveling is good. Speci?cally, the step 
340 sets the ?ag AK to a state of “0” Which represents that 
the road surface is good. After the step 340, the program 
advances to the block 170 (see FIG. 3). 

[0075] As previously mentioned, the vehicle Wheel speed 
sensors 5-8 include rotors each having teeth. A variation in 
shape and position among the projections or the grooves in 
the rotor teeth causes the variance DVWB of the related 
vehicle Wheel acceleration to cyclically change at a period 
equal to the period of rotation of the rotor. The variance 
DVWB is equal to the sum of components caused by the 
rotor-teeth variation and components related to road-surface 
conditions (roughness of the road surface). An example of a 
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time-domain change in the variance components caused by 
the rotor-teeth variation, and also an example of a time 
domain change in the variance components related to the 
roughness of the road surface are shoWn in FIG. 9. The 
time-domain change in the variance components caused by 
the rotor-teeth variation has a period equal to the period of 
rotation of the rotor as shoWn in FIG. 9. On the other hand, 
the time-domain change in the variance components related 
to the roughness of the road surface is irregular, and is 
independent of the period of rotation of the rotor as shoWn 
in FIG. 9. The steps 230 and 240 in FIG. 6 cooperate to 
provide the variance DVWB for every revolution of the 
rotor. As previously mentioned, the variance components 
caused by the rotor-teeth variation cyclically change at a 
period equal to the period of rotation of the rotor. Accord 
ingly, the time-domain change in the variance components 
caused by the rotor-teeth variation remains substantially the 
same independent of turns of the rotor. The step 320 in FIG. 
8 calculates the difference betWeen the variance DVWB(n) 
corresponding to the current one revolution of the rotor and 
the variance DVWB(n-l) corresponding to the immediately 
preceding one revolution of the rotor. The calculation of the 
difference cancels the rotor-teeth-variation components of 
the variance DVWB(n) and the rotor-teeth-variation com 
ponents of the variance DVWB(n-l) from each other since 
they are substantially the same. Therefore, the bad-road 
determination responsive to the difference betWeen the vari 
ances DVWB(n) and DVWB(n-l) can be accurate. 

[0076] In general, as the degree of the roughness of a road 
surface increases (as the degree of the badness of a road 
surface increases), the variance DVWB more varies from 
revolution to revolution of the rotor of the related vehicle 
Wheel speed sensor. Thus, the difference betWeen the vari 
ances DVWB(n) and DVWB(n-l) indicates the degree of 
the roughness of the road surface, that is, the degree of the 
badness of the road surface. Accordingly, the bad-road 
determination responsive the absolute value of the difference 
betWeen the variances DVWB(n) and DVWB(n-l) provides 
accurate detection of the road-surface condition. As previ 
ously mentioned, the bad-road determination is executed by 
comparing the absolute value of the difference betWeen the 
variances DVWB(n) and DVWB(n-l) With the predeter 
mined reference value L corresponding to the prescribed 
bad-road criterional level. 

Second Embodiment 

[0077] Asecond embodiment of this invention is similar to 
the ?rst embodiment thereof except for design changes 
mentioned later. The second embodiment of this invention 
extracts only road-roughness-related variation components 
from each of the output signals of the vehicle Wheel speed 
sensors 5-8 (see FIG. 1) in a Way different from the 
corresponding Way used in the ?rst embodiment of this 
invention. 

[0078] The second embodiment of this invention imple 
ments the extraction of the road-roughness-related variation 
components on the basis of variations in change quantities of 
the vehicle Wheel speeds or variations in variances of the 
vehicle Wheel speeds. 

[0079] In the case of variations in the change quantities of 
the vehicle Wheel speeds, it is possible to use the absolute 
values of the vehicle Wheel accelerations or the values Which 
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result from differentiating the differentiation-resultant val 
ues of the vehicle Wheel accelerations. 

Third Embodiment 

[0080] A third embodiment of this invention is similar to 
the ?rst embodiment thereof except for design changes 
mentioned later. 

[0081] FIG. 10 is a ?oWchart of a segment of a program 
for an electronic control unit 40 (see FIG. 1) in the third 
embodiment of this invention. The program segment in FIG. 
10 relates to anti-skid control. The program segment is 
started When an ignition sWitch 41 (see FIG. 1) is changed 
to its ON position. 

[0082] As shoWn in FIG. 10, a ?rst step 410 of the 
program segment initialiZes variables including ?ags and 
counter values. After the step 410, the program advances to 
a step 420. As Will be made clear later, a sequence of the step 
420 and subsequent step and blocks is periodically iterated. 

[0083] The step 420 computes the rotational speeds of 
vehicle Wheels 1-4 (see FIG. 1) on the basis of the output 
signals from vehicle Wheel speed sensors 5-8 (see FIG. 1) 
respectively. 

[0084] A step 430 folloWing the step 420 computes the 
accelerations of the vehicle Wheels 1-4 from the vehicle 
Wheel speeds given by the step 420. 

[0085] Ablock 440 subsequent to the step 430 subjects the 
vehicle Wheel accelerations (the before-?ltering vehicle 
Wheel accelerations) given by the step 430 to high-pass 
?ltering processes to extract high-frequency components. 
Thus, the block 440 provides the ?ltering-resultant vehicle 
Wheel accelerations (the after-?ltering vehicle Wheel accel 
erations). The function of the block 440 is similar to that of 
the block 140 in FIG. 3. 

[0086] A block 450 folloWing the block 440 computes 
variances of the ?ltering-resultant vehicle Wheel accelera 
tions given by the block 440. 

[0087] Ablock 455 subsequent to the block 450 calculates 
learning-resultant values from the variances given by the 
block 450. 

[0088] A block 460 folloWing the block 455 determines 
Whether or not the road surface along Which a related vehicle 
is traveling is bad (rough) on the basis of the learning 
resultant values given by the block 455. 

[0089] A block 470 subsequent to the block 460 sets 
reference slip ratios for the vehicle Wheels 1-4 in response 
to the result of the bad-road determination by the block 460. 
The block 470 calculates the current slip ratios of the vehicle 
Wheels 1-4 in a knoWn Way. For each of the vehicle Wheels 
1-4, the block 470 compares the current slip ratio With the 
corresponding reference slip ratio. When the current slip 
ratio exceeds the reference slip ratio, the block 470 imple 
ments processing for ABS (antilock brake system) control in 
a knoWn Way. In addition, the block 470 sets an ABS control 
?ag to a state of “1” Which indicates that the ABS control is 
currently executed. On the other hand, When the current slip 
ratio is equal to or smaller than the reference slip ratio, the 
block 470 inhibits the execution of the ABS control and sets 
the ABS control ?ag to a state of “0” Which indicates that the 
ABS control is at rest. In this Way, the block 470 executes 
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processing for the anti-skid control. After the block 470, the 
program returns to the step 420. 

[0090] The variance calculation block 450 Will be 
described beloW in more detail. For each of the vehicle 
Wheels 1-4, the block 450 calculates a variance DVWB 
among a limited number “n” of samples of the ?ltering 
resultant vehicle Wheel acceleration (the after-?ltering 
vehicle Wheel acceleration) given by the block 440. 

[0091] As shoWn in FIG. 11, the block 450 has steps 510, 
520, 530, 540, and 550. The step 510 folloWs the block 440 
(see FIG. 10). The step 510 determines Whether or not a 
predetermined time period (for example, 5 ms) has elapsed 
since the last execution of the step 520. In the case Where the 
predetermined time period has elapsed, the program 
advances from the step 510 to the step 520. OtherWise, the 
program advances from the step 510 to the block 455 (see 
FIG. 10). 

[0092] The step 520 uses the current value of the after 
?ltering vehicle Wheel acceleration DVWF given by the 
block 440 (see FIG. 10) as a current sample thereof. The 
step 520 calculates the square of the current sample (the 
current value) of the after-?ltering vehicle Wheel accelera 
tion DVWF. The step 520 adds the calculated square to a 
partial-variance summation value DVSUM. 

[0093] The step 530 folloWs the step 520. The step 530 
determines Whether or not the partial-variance summation 
value DVSUM has corresponded to the summation of the 
squares of “n” samples of the after-?ltering vehicle Wheel 
acceleration DVWF. Here, “n” denotes a predetermined 
natural number. In the case Where the partial-variance sum 
mation value DVSUM has corresponded to the summation 
of the squares of “n” samples, the program advances from 
the step 530 to the step 540. OtherWise, the program 
advances from the step 530 to the block 455 (see FIG. 10). 

[0094] The step 540 calculates the variance DVWB Which 
is equal to the partial-variance summation value DVSUM 
divided by the sample number “n”. The step 540 updates the 
variance. The step 540 stores information of the old variance 
into the RAM for later use. 

[0095] The step 550 folloWs the step 540. The step 550 
clears the partial-variance summation value DVSUM to “0”. 
After the step 550, the program advances to the block 455 
(see FIG. 10). 

[0096] The learning-value calculation block 455 in FIG. 
10 Will be described beloW in more detail. The block 455 has 
sections for the vehicle Wheels 1-4 respectively. The sections 
are similar. Therefore, only one of the sections Will be 
explained. 

[0097] In general, a variation in shape and position among 
the projections or the grooves in the teeth of the rotor of a 
vehicle Wheel speed sensor causes a change in the output 
signal thereof. Therefore, a time-domain change in the 
output signal of the vehicle Wheel speed sensor contains 
components caused by the rotor-teeth variation arid compo 
nents related to road-surface conditions (roughness of a road 
surface). When a related vehicle is traveling on a good road 
surface, road-surface related components of a time-domain 
change in the output signal of the vehicle Wheel speed sensor 
are substantially null. Thus, When the vehicle is traveling on 
a good road surface, rotor-teeth-variation related compo 
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nents are predominant in a time-domain change of the output 
signal of the vehicle Wheel speed sensor. Accordingly, 
provided that the vehicle is traveling on a good road surface, 
the block 455 learns a time-domain change in the output 
signal of the vehicle Wheel speed sensor and hence learns 
rotor-teeth-variation related components thereof. 

[0098] As shoWn in FIG. 12, the block 455 has steps 610, 
620, 630, 640, 650, 660, and 670. The step 610 is subsequent 
to the block 450 (see FIG. 10). The step 610 determines 
Whether or not the present moment immediately folloWs the 
moment of the execution of the step 540 (see FIG. 11), that 
is, the moment of the updating of the variance DVWB. In the 
case Where the present moment immediately folloWs the 
moment of the updating of the variance DVWB, the program 
advances from the step 610 to the step 620. OtherWise, the 
program advances from the step 610 to the block 460 (see 
FIG. 10). 

[0099] The step 620 determines Whether or not the ABS 
control is currently executed by referring to the ABS control 
?ag set by the block 470 (see FIG. 10). In the case Where the 
ABS control is currently executed, the program advances 
from the step 620 to the block 460 (see FIG. 10). OtherWise, 
the program advances from the step 620 to the step 630. 
Noise components of the output signal from the vehicle 
Wheel speed sensor tend to be relatively great during the 
execution of ABS control. The step 620 prevents learning 
from being implemented during the execution of the ABS 
control. The function of the step 620 is effective in enhanc 
ing the accuracy of the result of learning. 

[0100] The step 630 determines Whether or not the current 
variance DVWB(n) given by the block 450 (see FIG. 3) is 
smaller than a predetermined reference value KG corre 
sponding to a criterion for bad roads. When the current 
variance DVWB(n) is smaller than the reference value KG, 
the program advances from the step 630 to the step 640. 
OtherWise, the program advances from the step 630 to the 
block 460 (see FIG. 10). The step 630 prevents learning 
from being implemented When the vehicle is traveling along 
a bad road. 

[0101] The step 640 retrieves the immediately-preceding 
variance DVWB(n-l) given by the block 450 (see FIG. 3). 
The step 640 calculates the difference betWeen the variances 
DVWB(n) and DVWB(n-l). The step 640 computes the 
absolute value of the calculated difference. The step 640 
compares the computed absolute value With a predetermined 
reference value KR corresponding to a criterion for suffi 
ciently good roads. When the absolute value is equal to or 
greater than the reference value KR, the program advances 
from the step 640 to the block 460 (see FIG. 10). OtherWise, 
the program advances from the step 640 to the step 650. The 
step 640 enables learning to be implemented only When the 
vehicle is traveling along a sufficiently good road. 

[0102] The step 650 calculates the current smoothed vari 
ance or the current mean variance GAKUX(n) according to 
the folloWing equation. 

[0103] Where GAKUX(n-1) denotes the immediately pre 
vious mean variance. The step 650 stores information of the 
mean variance GAKUX(n) into the RAM for later use. 

[0104] The step 660 folloWs the step 650. The step 660 
calculates the difference betWeen the current mean variance 








